Among many transition metal complexes, nickel(II) complexes are interesting, because they provide us complicated features, giving paramagnetic properties with blue color in some cases and diamagnetic properties with yellow color in other cases. 1 We previously reported on dinuclear nickel(II) complexes with some organic chelate ligands having strong-donor atoms, such as thiolate-sulfur and amino-nitrogen, which have square-planar nickel(II), resulting in the diamagnetic property of dinuclear complexes. 2 We also obtained the mixed-spin state of nickel(II) complexes with the coexistence of paramagnetic and diamagnetic nickel(II) ions in the same molecule by introducing an additional donor group to the dinuclear systems.
1
We previously reported on dinuclear nickel(II) complexes with some organic chelate ligands having strong-donor atoms, such as thiolate-sulfur and amino-nitrogen, which have square-planar nickel(II), resulting in the diamagnetic property of dinuclear complexes. 2 We also obtained the mixed-spin state of nickel(II) complexes with the coexistence of paramagnetic and diamagnetic nickel(II) ions in the same molecule by introducing an additional donor group to the dinuclear systems. [3] [4] [5] When chelate ligands have weaker donor atoms, such as pyridine-nitrogen, octahedral paramagnetic nickel(II) complexes were formed. 6 The magnetic interaction between paramagnetic nickel(II) ions is antiferromagnetic in most cases. We observed a ferromagnetic interaction in a dinuclear complex of nickel(II) pivalate. 7 Such a ferromagnetic behavior is interesting as a potential magnetic material. Recently we synthesized a dinuclear nickel(II) complex having two-μ-phenolato and μ-aqua bridges with N,N′-disalicylidene-2,2′-(ethylenedioxy)bis(ethylamine) (H2dee), [Ni2(dee)2(μ-H2O)]·2C2H5OH (1), from a reaction of nickel(II) salt and H2dee. 8 In this study, we isolated another dinuclear nickel(II) complex and determined the crystal structure of this complex, which shows a dinuclear core with two-phenolatooxygen bridges and a methanol bridge, as shown in Fig. 1 . The presence of the neutral methanol molecule as the bridging group is unique, which was deduced from a charge balance consideration. This paper describes the synthesis, crystal structure, temperature dependence of the magnetic susceptibility, and the electronic spectra of [Ni2(dee)2(μ-CH3OH)]·2CH3OH (2).
The ligand H2dee was synthesized by a method described in the literature. 8 The complex was prepared by a 1:1 reaction of H2dee and nickel(II) salt in methanol. To a solution of H2dee (36 mg, 0.1 mmol) in 10 cm 3 of methanol was added 24 mg (0.1 mmol) of nickel(II) chloride hexahydrate. The reaction mixture was stirred overnight at room temperature. The resulting clear-green solution was left for several days to give green crystals. The crystals were collected and dried under a vacuum. Yield, 30 mg (33%). Anal. Found: C, 56.24; H, 5.93; N, 6.16%. Calcd for C43H56N4Ni2O11: C, 56.00; H, 6.12; N, 6.07%. Single crystals suitable for the X-ray structure analysis were obtained from the methanol solution, and the crystal structure was determined by the X-ray diffraction method. A preliminary examination was made, and data were collected on a Bruker CCD X-ray diffractometer (SMART APEX) using graphite-monochromated Mo Kα radiation. Crystal data and details concerning the data collection are given in Table 1 . The structure was solved by direct methods and refined by fullmatrix least-squares methods. The hydrogen atom attached to the coordinating methanol-oxygen atom (O9) of 2 was not located; the other hydrogen atoms were inserted at their calculated positions, and fixed there. The Flack parameter was 0.43(3), suggesting a twinning of this crystal. In fact, the structure was solved by C2; however, it could be roughly solved by the C2/c setting, also. All of the calculations were carried out on a Windows 7 Core i5 computer utilizing the SHELXTL software package and SHELXL-2014/7. 9 Crystallographic data have been deposited with Cambridge Crystallographic Data Centre (Deposit numbers CCDC-1510167). Copies of the data can be obtained free of charge via http://www.ccdc.cam.ac.uk/ conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Fax, +44 1223 336033; e-mail, deposit@ccdc.cam.ac.uk).
In crystal 2, the asymmetric unit consists of one dinuclear molecule [Ni2(dee)2(μ-CH3OH)] and two CH3OH molecules. The dinuclear structure was drawn by the ORTEP program in Fig. 2 . As suggested by the twinning of the present crystal, the dinuclear molecule has a pseudo-C2 axis at the midpoint through the bridging methanol moiety. The Ni1···Ni2 distance is 2.933(1)Å. In the dinuclear molecule, each nickel(II) atom is coordinated by one terminal phenolato-oxygen atom, two iminonitrogen atoms, and one μ-phenolato-oxygen atom of dee 2- ligand, one μ-phenolato-oxygen atom of another dee 2-ligand, and methanol-oxygen atom in a distorted octahedron. It is to be noted that the present complex has a face-sharing dinuclear core and the two ether-oxygen atoms of the dee 2-ligand do not take part in coordination to the metal atom. The Ni-O and Ni-N distances with the Schiff-base ligands are 1.983(5) -2.185(5)Å and 2.019(6) -2.038(6)Å, respectively ( Table 2 ). The Ni-O distances with methanol (Ni1-O9 2.244(5)Å and Ni2-O9 2.210(5)Å) are considerably longer than those with the bridging phenolato-oxygen atoms (2.004(5) -2.185(5)Å), reflecting the coordination of the neutral methanol molecule. In the crystal, the crystal methanol molecule is hydrogen-bonded to the other methanol molecule (O10-H10B···O11 2.727(8)Å) and the coordinating phenolato-oxygen of the Schiff-base ligand (O11-H11B···O1(x, 1-y, z-1/2) 2.799(7)Å) (Fig. 3) . The dinuclear molecule is well separated, the closest intermolecular Ni···Ni distance being 8.680(1)Å. This structure is very similar to that of 1, except for a μ-methanol-bridge in place of the μ-aquabridge in the dinuclear core.
The diffused reflectance spectrum of 2 is shown in Fig. 4 . The spectrum is typical for an octahedral nickel(II) complex, and the main bands are assigned while assuming an O symmetry: the lowest transition band around 1088 nm can be assigned to 3 A2 → 3 T2, the second lowest band around 630 nm to 3 A2 → 3 T1( 3 F), and the third lowest band around 363 nm to 3 A2 → 3 T1( 3 P) transition. 10 The magnetic moment of 1 is 3.47 μB at 300 K. This value is larger than the spin-only value of octahedral nickel(II) (2.83 μB, S = 1), being typical for octahedral nickel(II) complexes due to the excited 3 T2 state with the orbital angular momentum. 6, 7 As shown in Fig. 5 , the moment takes an almost constant value Table 1 Crystal and experimental until 50 K with lowering of the temperature, and then increases, reaching a maximum value of 3.76 μB at 10 K. The decrease below 10 K is most likely due to the zero-field-splitting effect due to the distortions of Ni(II) coordination spheres and/or intermolecular interaction.
The intermolecular magnetic interaction may be neglected because of the well-separated dinuclear molecules in the crystal. The magnetic data were analyzed by the dinuclear model including the Ginsberg equation based on a consideration for the exchange interaction (2J), zero-field splitting (D) and temperature independent paramagnetism (tip) of the nickel(II) ions.
where
The best fitting parameters are g = 2.23, J = 6.50 cm -1 , D = 8.96 cm -1 , and Nα = 697 × 10 -6 cm 3 mol -1 . If we assume the negative D value for this complex, the fitting parameters become g = 2.21, J = 7.27 cm -1 , D = -6.88 cm -1 , and Nα = 765 × 10 -6 cm 3 mol -1 , although the fitting feature is almost the same. These results show that the magnetic behavior can be ascribed to ferromagnetic coupling between the two nickel(II) ions with the zero-filed splitting in the O symmetry crystal field. The ferromagnetic coupling is consistent with the bridging feature of μ-CH3OH with the small angles of the Ni-O-Ni moieties. 
